Influence of tungsten substitution and oxygen deficiency on the thermoelectric properties of CaMnO 3−δ Journal of Applied Physics 114, 243707 (2013) The conductivity and Seebeck coefficient of CaMnO 3Àd have been studied at temperatures up to 1000 C and in atmospheres with controlled oxygen partial pressure. Both transport coefficients were varied in situ by the reversible formation of oxygen vacancies up to d ¼ 0.15. The charge carrier concentration was calculated using a defect chemical model. The Seebeck coefficient could be approximated by Heikes' formula, while the conductivity shows a maximum at a molar charge carrier concentration of 0.25. These results were interpreted as a signature of strong electronic correlation effects, and it was concluded that charge transport in CaMnO 3Àd occurs via strongly interacting small polarons. General prospects for strongly correlated materials as potential candidates for high temperature thermoelectric power generation were discussed. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Mixed-valent manganites with perovskite-related structures exhibit a rich variety of interesting electrical, structural, and magnetic properties and led to the development of new physical concepts like the superexchange mechanism and to new applications due to their pronounced magnetoresistive effect (see Ref. 1 for a review). Characteristic for these materials is a strong electron-phonon coupling, often leading to a self-localisation of charge carriers by lattice distortions. If the dimension of the carrier and its surrounding lattice distortion is in the range of the interatomic distance, it is named a small polaron and charge transport occurs via thermally activated hopping. 2 Recently, manganites are also investigated as potential thermoelectric materials. Several classes of 3d transitionmetal oxides such as layered cobaltites, titanates, or transparent conducting oxides are investigated as candidates for thermoelectric energy harvesting at high temperatures, [3] [4] [5] but despite considerable scientific activity within the field, the reported values for the thermoelectric figure of merit zT are still well below other state-of-the-art thermoelectric materials based on more scarce and/or environmentally harmful p-block elements. The highest zT-figures among oxides are reported for layered cobaltites as p-type conducting materials, while zT for n-type oxides is significantly lower (e.g., Ref. 6) . Among these n-type thermoelectric oxides, electron doped CaMnO 3Àd is one of the most prominent n-type thermoelectric oxides with a reported maximum zT ¼ 0.3 for CaMn 0.98 Nb 0.02 O 3 , 7 making it a typical choice when designing an all-oxide thermoelectric generator. 8, 9 Although it is well established that the oxygen content in CaMnO 3Àd can be varied over a broad range making it an interesting material as a cathode in solid oxide fuel cells 10 or as an oxygen storage material in advanced combustion processes, 11 most of the published high temperature thermoelectric data are taken under atmospheric conditions with the oxygen content of the sample being poorly defined. Therefore, experimental data on nominally identical samples scatter significantly and show opposite temperature trends, and a profound assessment of these materials in thermoelectric applications is not yet possible (e.g., Refs. 12 and 13). Even when measuring in air, oxygen vacancies will form in CaMnO 3Àd and lead to a significant variation on thermoelectric properties at high temperatures. 14 The defect chemistry of oxygen-deficient CaMnO 3Àd was recently studied by Goldyreva et al. 15 and will be summarized here. On the basis of thermogravimetric (TG) measurements, it was found that the defect properties of CaMnO 3Àd can be described by two chemical reactions: (a) The filling of oxygen vacancies accompanied by a oxidation of Mn-sites and (b) the thermal excitation of electronic charge carriers across the band-gap. In the Kr€ oger-Vink-notation, 16 these reactions read
Thermogravimetric data can be fitted with respect to the equilibrium coefficients for the reactions (1) and (2) In this paper, we report on our simultaneous measurements of Seebeck-coefficent and electrical conductivity of nominally undoped CaMnO 3Àd at high temperatures and in equilibrium with a well-defined atmosphere. Based on the previously published defect chemical model, we can calculate the concentration of all considered electronic species for the specific temperature and atmospheric composition, in particular the concentration of Mn 3þ , which we identify with the molar charge carrier concentration x. We will further show that the strong correlation of small polaron charge carriers can lead to a simultaneous decrease in conductivity and Seebeck coefficient and discuss the general perspective for manganites with respect to thermoelectric application.
II. EXPERIMENTAL
Polycrystalline samples were synthesized via standard solid state reaction. Powders of CaCO 3 (!99.0%, Sigma-Aldrich) and MnO 2 (!99.0%, Sigma-Aldrich) were dried for 2 h at 150 C and weighed in stoichiometric amounts. The mixed powders were ball milled and calcinated twice at 1000 C for 24 h, with an intermediate grinding. The obtained powders were pressed into pellets at 100 MPa and sintered in air at 1300 C for 24 h. Room-temperature X-ray diffraction data were collected using a Philips PANalytical X'pert MPD diffractometer using CuKa-radiation and a stepwidth of 0.02. All observed peaks could be indexed in agreement with literature 17 and no secondary phase could be detected ( Fig. 1(a) ). The lattice parameters were determined to a ¼ 5.30 Å , b ¼ 7.47 Å , and c ¼ 5.28 Å (SG Pnma (No. 62)). A bar-shaped sample of ca. 3 Â 3 Â 14 mm 3 in dimension cut from the pellet was mounted into a commercially available measurement cell (ProboStat, NorECs, Norway), which was modified for our purposes ( Fig. 1(b) ): The sample was clamped into a spring-load system with an S-type thermocouple (PtRh10, Pt) attached on each side in good thermal and electrical contact with the sample. The Pt-leads of each thermocouple were used to measure the thermoelectric voltage across the sample. Two platinum electrodes were tightly wrapped around the sample serving as voltage probes during resistivity measurements. The cell was placed in a vertical tube furnace providing the base temperature of the measurement. The temperature difference across the two sample ends was stepwise varied using a resistive micro-heater placed underneath the sample. The measured thermoelectric voltage was corrected for Pt-lead contribution. The conductivity was measured in four point geometry, using the Pt-wires of the thermocouples as current leads and the two electrodes as voltage probes. The effects of Peltier heating and thermal offsets were taken care of by switching current direction. The oxygen partial pressure in the cell was controlled by diluting O 2 with Ar in a commercial gas mixer (ProGasMix, NorECs, Norway). The relaxation towards chemical equilibrium was monitored measuring the voltage across the two electrodes as a function of time when sending a constant current through the sample. All measurements presented here were taken at thermal and chemical equilibrium, unless otherwise noted.
III. RESULTS AND DISCUSSION
Since the degree of oxygen non-stoichiometry is reported to vary only slightly over a large range of oxygen partial pressure at lower temperatures, 15 which agrees with our preliminary findings, we restrict our study to temperatures above 800 C. The equilibrium oxygen nonstoichiometry, the electrical conductivity r, and the Seebeck coefficient a as a function of temperature and oxygen partial pressure pO 2 are shown in Fig. 2 . The negative sign of the thermopower indicates that electrons (here assumed to be localised as Mn 3þ ) are the dominating charge carrier in CaMnO 3Àd . The values of r and a at the highest oxygen partial pressure are in good agreement with literature data (e.g., Refs. 14, and [18] [19] [20] . The influence of the extrinsic doping decreases when the concentration of oxygen vacancies increases. Therefore, the highest conductivity in Fig. 2 
(b) of 60 S cm
À1 is almost identical with values found by Bocher et al. on a series of Nb-doped samples CaMn 1Àx Nb x O 3 with 0.02 < x < 0.08. 14 The highest power factor a 2 Â r was determined to 1.8 lW K À2 cm À1 at 900 C and for an oxygen partial pressure of 1 atm. At higher temperatures and lower pO 2 , the unusual doping dependence of the conductivity, discussed in this paper, leads to a significant reduction of the powerfactor (e.g., %1.0 lW K À2 cm À1 at 900 C and pO 2 of 10 À3 atm).
A. Influence of a structural phase transition on r and a Let us first consider the measurement taken at 800 C. It is known, that CaMnO 3Àd undergoes a phase change from orthorhombic to tetragonal and finally to cubic when varying the oxygen partial pressure in the range used in the current experiment. 21 The region of existence of the tetragonal phase extends only over a narrow range in pO 2 , so that no reliable defect chemical modelling is possible within this phase.
The conductivity and Seebeck coefficient vary linearly with log pO 2 to an oxygen partial pressure of 0.01 atm, where the slope increases. To gain further insight on the influence of this sequence of phase transitions on the transport coefficients, we calculate the charge carrier concentration x as a function of the experimentally chosen pO 2 values via the defect chemical model presented in the introduction (Eqs. (1) and (2)) and by using the thermodynamic parameter K D reported by Goldyreva et al. 
where x is given as the site fraction of Mn 3þ per formula unit of CaMnO 3Àd . In Fig. 3 , we plot the Seebeck coefficient a and the electron mobility l, calculated by the standard expression r ¼ xlZe;
with Z Â e being the charge of each carrier. The Seebeck coefficient a changes steeply with charge carrier concentration in the orthorhombic phase and flattens out in the cubic phase. A widely used high temperature limit for the Seebeck coefficient in localized hopping conductors is the Heikes formula 22 ,23
The g i ¼ g Spin Â g Orbital are the spin and orbital degeneracies of a Mn iþ -site. In the cubic phase, the two e g -and the three t 2g -orbitals are degenerate, while in the orthorhombic phase, this degeneracy is lifted. Due to the strong Hund's coupling of Mn-d-electrons, we only consider high-spin configurations here. In the orthorhombic crystal field, the respective factors in Eq. (5) 
, while in the cubic phase, both e g -orbitals can be occupied and
remains unchanged. This analysis predicts an increase of jaj by 60 lV/K when going from the orthorhombic to the cubic phase, independent of the charge carrier concentration x. However, the discrepancy with our observation of a rather continuous change in a can be explained by an energetic splitting of the e g -orbitals in the orthorhombic phase in the order of k B T, making both e g -orbitals thermally accessible, so that the number of available states and thus g 3 do not change when entering the cubic phase.
In addition, also the carrier mobility calculated from the conductivity via Eq. (4), does not show a discontinuous change across the phase transition (Fig. 3) . The mobility of (localised) charge carriers is-in general-a sensitive function of the orbital overlap and thus of the bond-angle of neighbouring species. In the cubic phase of CaMnO 3Àd , the angle of a Mn-O-Mn-bond is 180
, while it deviates from that in the tetragonal and orthorhombic phase. Our observation of a continuous change can be explained by a gradual relaxation of this angle to 180 when oxygen vacancies are formed, in agreement with a structural study.
14 However, a clear difference is seen in the variation of l with carrier concentration x: While l(x) appears to be almost constant in the orthorhombic phase and the corresponding low carrier concentrations, it shows a linear decrease in the cubic phase and higher x. This strong decrease cannot be explained by changes in the structure of CaMnO 3Àd , which should lead to an increased mobility in the cubic phase, but another mechanism has to be considered.
B. Transport properties in the cubic phase
At higher temperatures, CaMnO 3Àd is in the cubic phase for most of the pO 2 -range studied and no discontinuous behaviour of d is reported in the literature. The absolute value Seebeck coefficient decreases continuously with increasing d as it is expected for an increasing charge carrier concentration while the conductivity goes through a broad maximum. This is an unusual result as a and r generally vary diametrally as a function of charge carrier concentration. To investigate this behaviour in more detail, we again plot a, r, and l against the carrier concentration calculated from the defect chemical model (Fig. 4) . At the highest measured temperatures, the Seebeck coefficient shows only a weak dependency on temperature and Heikes formula should thus be an appropriate model. Indeed, the calculated curve by Eq. (5) reproduces the magnitude and change of the experimental data to a certain degree, as seen in Fig. 4(c) .
If one includes the hitherto neglected population of Mn 5þ as a possible site for an electron to hop to with a degeneracy g 5 ¼ g Orbital Â g Spin ¼ 3 Â 3 ¼ 9, one can calculate the Seebeck coefficient by the weighted average of the two contributions
The result slightly improves the agreement between calculation and experiment as indicated by the dashed line (calculated for 1000 C in Fig. 4(c) ). The occurrence of a maximum in conductivity at around x ¼ 0.24, which is via Eq. (4) equivalent to a strong decrease of the mobility l with x (Fig. 4(b) ) is more puzzling. It has been observed previously that the conductivity of CaMnO 3Àd at room temperature varies nonmonotoneously with increasing d. 25 Those authors attribute this behaviour to an ordering of oxygen vacancies accompanied by an ordering of Mn 3þ and Mn 4þ species. In this model, electron transport occurs along these charge-ordered stripes, whose density reaches a maximum at d ¼ 0.16. However, charge ordering is an unlikely scenario at the high temperatures studied within the present work and the maximum conductivity is observed for a d-value around 0.08, for which no vacancy ordering has been reported (cf., e.g., Ref. 26). As the employed Heikes formula is derived for the case U ) k B T, where the high on-site repulsion prevents the double occupancy of one Mn-site by two electrons, we suggest the following qualitative model: With increasing oxygen vacancy concentration d, the number of charge carriers increases to maintain charge neutrality, but at the same time, the number of available sites get reduced r / ð1 À xÞ Â x:
This model has been employed by several authors previously to describe the doping dependency of small polaron hopping conductors (e.g., Refs. 27 and 28). However, it predicts a maximum in conductivity at x ¼ 0.5, while the experimental observations for electrons in CaMnO 3Àd (this study) and holes in La 1Àx Ca x MnO 3 28 find a maximum around x ¼ 0.25. Apparently, the simple model in Eq. (7) provides an intuitive tool to reproduce the unusual doping dependency of transport coefficients in CaMnO 3Àd , but a more sophisticated model, including more interaction terms than nearest-neighbour Coulomb repulsion, is needed to fully understand the present observation. Assuming that one electron spreads over two lattice sites may well describe the observed conductivity maximum around x ¼ 0.25 within Eq. (7) but fails to reproduce the a(x)-curve as calculated by Heikes' formula.
Ciuchi and Fratini have recently derived a cluster model to describe the mobility of small polarons interacting via long-range Coulomb forces. 29 In their theory, the mobility of interacting small polarons can be written as FIG. 4 . The electrical conductivity r (a), the calculated carrier mobility l (b), and the Seebeck coefficient a (c), in the cubic phase of CaMnO 3Àd as a function of carrier concentration x. r shows a maximum for x % 0.25 (a), implying a strong decrease of l with increasing x via Eq. (4) (b) . a can be roughly described by Heikes' formula (c).
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If charge transport takes place in three dimensions, E n is given as
A in Eq. (8) comprises parameters like the number of neighbours, the hopping distance, and the hopping attempt frequency and E a is the activation energy for an electron to hop. In Eq. (9), a is the distance between two polaron sites and r is the dielectric permittivity. The introduction of oxygen vacancies not only changes the concentration of electrons in the system but also decreases the effective number of nearest neighbours (both occupied and unoccupied ones), as hopping is only possible if the orbital overlap within the Mn-O-Mn-bridge is finite. It is therefore reasonable to assume A ¼ ð3 À dÞ Â A Ã . An additional factor (1 À x) compared to Eq. (8) ensures that the mobility is 0 when all manganese sites are filled (x ¼ 1). We rewrite the expression for the mobility
One can see that the mutual repulsion of the polarons (E n 6 ¼ 0) leads to an effective gradual increase of the apparent activation energy with increasing carrier concentration x. Eq. (10) describes our data to a high degree (Fig. 5) , and the corresponding fitting parameters are given in Table I . Both parameters B and E n increase with temperature.
The increase of E n (Eq. (9)) is likely to be due to a decrease of the relative permittivity r , rather than a significant increase in hopping distance a. r (or the electric polarizability) generally decrease at higher temperatures due to an increased thermal motion of the charged species. From the temperature dependence of the parameter B, it is possible to calculate an estimate of the polaron activation energy without any correlations present (for example, realised in a sample with very low charge carrier concentration). We obtain 0.28 6 0.02 eV (Fig. 6) . The increase of the apparent activation energy for the present carrier concentrations due to the correlation effect is in the range of E n Â x % 60 meV.
To conclude the preceding paragraph, we state that the conductivity in CaMnO 3Àd within the cubic phase can be described by small polarons with strong mutual Coulomb repulsion. This behaviour is likely to occur similarly in other related calcium manganite samples with donor dopants as the source for electronic charge carriers instead of oxygen vacancies as in this work. The total apparent activation energy agrees well with the value recently reported in a similar study. 30 Fast cooling or quenching a sample from a high temperature state with well defined oxygen partial pressure provides a means to obtain samples with a constant d at lower temperatures. A sample which has been repeatedly prepared in such way is expected to vary only in d and thus in charge carrier concentration, while other parameters like the unintended doping level, the electronic band gap, the hopping activation energy, or the interatomic distance remain approximately the same. A variation in the apparent hopping activation energy for one sample with different d can thus be attributed to the mutual repulsive interaction of small polarons as discussed above. Therefore, we annealed one sample at high temperature and in atmospheres with different pO 2 , quenched it, and measured the transport properties up to 450 C. Preliminary thermogravimetric experiments have shown that CaMnO 3Àd is kinetically stable towards reoxidation below % 500 C. All measurements have been performed on the same sample, quenched from thermodynamic conditions where CaMnO 3Àd is within the cubic phase. As the dense ceramics obtained as described in the Experimental section are prone to develop small cracks due to the thermal stress under quenching, we used a sample sintered at 1100 C and with a relative density of 75% for this experiment. Reproducibility and internal consistency were confirmed by several repeated heating-quenching cycles. The conductivity decreases with increasing d and can be described by an activated hopping process for all studied values of d (Fig. 7) . The activation energy increases with increasing d or charge carrier concentration. In this temperature regime, the carrier concentration is dominated by carriers induced due to oxygen vacancies, and contributions from thermal excitation via Eq. (2) can be neglected. The absolute value of the activation energy around 0.2 eV is less than expected from our high temperature results, where the correlation-free activation energy was determined to be 0.28 eV. On the other hand, the variation in activation energy of 100 meV due to the mutual repulsion of charge carriers is higher than estimated from the high temperature results (via Eq. (10) with E n % 250 meV and x ¼ 2 Â d). However, the obtained values agree well with a study of the hole-conductor La 1Àx Ca x MnO 3Àd . 31 The discrepancy could, for example, be related to an anomaly in resistivity of CaMnO 3Àd around 700 K, 19, 32 possibly indicating a different transport mechanism, for example, large polarons, at lower temperatures. In any case, despite an increase in charge carrier concentration by the introduction of oxygen vacancies, the conductivity decreases with d, indicating a strong interaction of charge carriers.
Finally, we want to discuss shortly the implications of the presented model in the search for new thermoelectric materials. It is instructive to investigate the numerator in zT, the power factor a 2 Â r, rather than treating a and r individually. For the simple model proposed, the power factor can be calculated by combining Eqs. (4), (5) , and (10)
and is schematically shown in Fig. 8 . Increasing the strength of mutual Coulomb repulsion via an increase in the parameter E n shifts the maximum of the power factor to lower carrier concentrations or doping levels. Further, does the maximum of the power factor get reduced when other parameters like the bandwidth are kept constant. But the most severe implication of the increased electronic correlation is that the concentration range with PFðxÞ ! PF Max =2 gets narrower with increasing E n . In materials with a non-constant carrier concentration, e.g., by intrinsic, thermal excitation like in CaMnO 3Àd and its doped compounds, this will lead to a rather sharp peak in zT vs. temperature, thus narrowing the temperature range of optimal performance and finally limit the potential applicability of materials with strong Coulomb repulsion in thermoelectric generators. However, there is experimental evidence for a variable optimal doping concentration (ranging from 0.02 to %0.10) for different dopants in CaMnO 3Àd , possibly indicating that the strength of correlations depends on the doped species. 7, 33 IV. SUMMARY
In conclusion, we have studied the influence of oxygen non-stoichiometry on the high temperature transport properties of CaMnO 3Àd . It is shown that the oxygen stoichiometry in CaMnO 3Àd can be reversibly varied within a broad range up to d ¼ 0.15 at high temperatures and in different atmospheres allowing significant in situ doping of the material. The thermoelectric properties change significantly with varying d. With increasing d, an unusual simultaneous decrease of both conductivity and absolute magnitude of Seebeck coefficient is observed. This behaviour can be explained by a conduction process in CaMnO 3Àd at high temperatures via strongly interacting small polarons. The mutual Coulomb repulsion of these polarons quickly reduces the mobility once charge carriers are introduced into the system. The total activation energy of transport at high temperatures of 0.34 eV was disentangled to consist of two parts: One to be 0.28 eV for CaMnO 3Àd with a negligible carrier concentration and an additional energy E Corr ¼ E n Â x due to electronic correlations with E n around 0.25 eV and x being the molar charge carrier concentration. The Seebeck coefficient in the studied temperature and carrier concentration range can be described by Heikes' formula to a satisfactorial degree. The present study shows that both thermoelectrical characterisation as well as fundamental analysis of the transport processes in oxides benefit from the careful control of oxygen content.
